The aim of this study was to assess the ability of bottom sediments to release or accumulate phosphorus. Ex situ experiments with the use of undisturbed sediment cores were done in 11 lakes situated in the Cybina River valley (Wielkopolska, Poland). Phosphorus release was observed both in aerobic and anaerobic conditions, however greater values were noted in the latter ones. Maximum values reached 41.4 mg m -2 d -1 P and 12.2 mg m -2 d -1 P in anaerobic and aerobic conditions, respectively.
INTRODUCTION
Lake sediments act as temporary or permanent sinks for settling phosphorus (P) and play a key role in the P cycle (Hupfer, Lewandowski 2005) . The eutrophication process in lakes leads to an increase in the importance of sediments as a source of phosphorus for these waterbodies (Boström et al. 1988 , Golterman 1995 , Kentzer 2001 , Wang et al. 2003 . The amount of P released from sediments into the water depends on many factors, i.e. temperature, pH, oxygen concentration in the surface layer of the sediments as well as in the overlying water, redox conditions, Fe:P ratio, resuspension processes and the activity of benthic organisms (Søndergaard et al. 2001) .
The aim of our study was to determine through ex situ experiments the possibility of P release or accumulation by the bottom sediments.
MATERIALS AND METHODS
The studies of internal P loading from bottom sediments were conducted in 11 lakes situated in the Cybina River valley. Lakes Góra and Uzarzewskie as well as Antoninek and Maltański Reservoirs are situated directly in the course of Cybina River. Lakes Baba, Cyganek, Uli and Ósemka are located on Cybinka, a tributary of Cybina. Additionally, samples were collected in Wójtostwo, Prawe and Lewe lakes. Morphometric parameters and trophic status of the analyzed lakes are presented in Table 1 .
Table 1
Morphometric parameters and trophic status of analyzed lakes (after Jańczak 1996; Gołdyn, Grabia 1998 Internal P loading was analyzed throughout the vegetation season of 2007 (April-October). The ability of bottom sediments to release or accumulate P was determined on the basis of ex situ experiments with the use of undisturbed sediment cores collected from the deepest place in each lake using a modified Kajak sampler. Sediments were taken in four replicates in rigid plastic tubes (PMMA -polymethyl metacrylate, 6 cm in diameter). Every tube contained ca. 15 cm of sediment and ca. 25 cm of overlying water. Cores were kept in the lab in darkness at a temperature of 16°C in oxic (2 cores) and anoxic (2 cores) conditions for about 2 weeks. Experiments on sediments from lakes Prawe, Lewe and Uli were conducted only in anaerobic conditions. Every 2 -3 days P concentration was analyzed in water samples taken from each tube. TP content was measured spectrophotometrically after mineralization with ascorbic acid as a reducer (Elbanowska et al. 1999) .
Additionally, a sample of sediment (surface layer, ca. 10 cm) was gathered from the deepest part of each lake due to the analysis of total phosphorus (TP) and phosphorus fractions content (Psenner 1988) as well as organic matter content (Myślińska 2001) . Orthophosphates and TP concentration were also analyzed in water overlying sediment and in interstitial water (after centrifugation, 1h, 3000 n min -1 ). Trophic status was studied with the aid of criteria proposed by Carlson (1977) .
RESULTS
In most lakes P release from bottom sediments was noted in anaerobic conditions. The highest values were observed in Antoninek Reservoir, reaching 41.4 mg m -2 d -1 P. In the rest of the waterbodies these values were significantly lower and did not exceed 13.0 mg m 2 d -1 P (Fig. 1 ). The amount of P released from the sediments collected from Góra, Lewe, and Baba lakes and Maltański Reservoir varied from 7.0 to 13.0 mg m -2 d -1 P, while in lakes Uzarzewskie and Uli the amount of P released ranged from 1.0 to 2.0 mg m -2 d -1 P. The lowest value was noted in Ósemka Lake (0.39 mg m -2 d -1 P.) The intensity of P release was much lower in aerobic conditions. The highest levels were found in Góra Lake (12.2 mg m -2 d -1 P), while the lowest were found in Ósemka Lake (0.07 mg m -2 d -1 P). In Antoninek and Maltański reservoirs these values reached 10.0 mg m -2 d -1 P. A slight dominance of P accumulation over its release was noted (0.43 mg m -2 d -1 P) in Uzarzewskie Lake (Fig. 1) .
P content in bottom sediments varied from 0.45 mg g -1 P d.w. in Lewe Lake to 2.31 mg g -1 P d.w. in Ósemka Lake (Fig. 2) . The phosphorus fraction NaOH-NRP, indicating P bound with organic matter, dominated among fractions in most of the waterbodies (Ósemka, Uli, Cyganek, Lewe, Prawe, and Antoninek). The share varied from 28.6 to 43.1%. In lakes Góra and Uzarzewskie the highest amounts of Res-P fraction (inert-P) were noted, 41.2 and 72.6%, respectively. Phosphorus bound with Ca (HCl-P fraction) dominated in Maltański Reservoir and in Wójtostwo Lake (33-34%), while in Baba Lake the greatest share of NH 4 Cl-P (the most labile fraction) was found (28.2%) (Fig. 3) .
Organic matter content in bottom sediments ranged from 10.8% to 64.6%. The highest values were noted in sediments from Cyganek Lake, while the lowest were noted in the Maltański Reservoir (Fig. 4) .
TP concentration in interstitial water was greater than in above bottom waters in all analyzed reservoirs. The amount of TP in interstitial waters varied between 0.25 mg l -1 P (Ósemka Lake) and 3.28 mg l -1 P (Góra Lake). In above bottom waters P concentrations ranged from 0.043 mg l -1 P in Cyganek Lake to 0.89 mg l -1 P in Lewe Lake (Fig. 5) . 
DISCUSSION
Phosphorus release from the bottom sediments of waterbodies is a complex process, depending on many factors. The aim of our investigation was to determine its intensity in constant thermal, but diverse oxic conditions. The results indicated that the variability of phosphorus release is great in lakes of distinct trophic status or morphometric features. Phosphorus release was observed both in aerobic and anaerobic conditions. Such a phenomenon was already known from the literature (Boström et al. 1982; Drake, Heaney 1987; Uchmański et al. 1993; Kleeberg, Dudel 1997 , Sobczyński 2009 ).
The highest P loading from bottom sediments was found in shallow Antoninek Reservoir, as stated in previous research, reaching 66.6 mg m -2 d -1 P (Dondajewska 2008) . Intensive phosphorus release occurred due to microbiological decomposition of fresh organic matter, comprised of decaying microscopic filamentous algae.
Unlike at Antoninek Reservoir, Ósemka Lake, a small, mesoeutrophic waterbody, situated in the course of the Cybinka River, was characterized by the lowest internal P loading, as well as the greatest P content in bottom sediments. In this shallow lake light penetrates the whole water column, which favors the growth of charophyte communities. Therefore, the oxygen concentration is stable throughout the year, and allows for the accumulation of P in sediments. NaOH-NRP dominated among P fractions, indicating a high pool of P bound with organic matter, confirmed by great organic matter concentration in sediment. Additionally, low P amounts were found in the interstitial water due to the limited ability of sediments to release P (Kentzer 2001 ; KowalczewskaMadura, Gołdyn, paper in preparation). To sum up, P was permanently accumulated in sediments of Ósemka Lake. P internal loading was also observed in aerobic conditions, although the intensity of this process was much lower than in anaerobic ones. The highest values were found in shallow water bodies (Góra Lake, Antoninek and Maltański Reservoirs). Shallow water favors the warming of bottom sediments during the summer and, as a consequence, accelerates the process of organic matter mineralization. Its amount in sediments is great due to significant primary production observed in these lakes, related to the fact that phytoplankton (Gołdyn, Grabia 1998; Kozak 2010 ) and macroscopic algae (Dondajewska et al. 2007 ) are sources of P to interstitial water. Oxygen usually penetrates to the bottom of shallow polymictic lakes. These lakes, in which the bottom is normally in direct contact with the epilimnion water, and which are usually characterized by high pH and relatively high temperatures, are particularly susceptible to increased trophy caused by internal P loading (Sobczyński 2009 ). High concentrations in interstitial waters, observed especially in Góra Lake, indicated a significant domination of release over its accumulation in the bottom sediments (Kowalczewska-Madura 2005). Internal P loading in the presence of dissolved oxygen was also observed in Swarzędzkie Lake (Kowalczewska-Madura, Gołdyn 2009) as well in Sławskie Lake (Kowalczewska-Madura et al. 2008b) .
A slight dominance of P accumulation in sediments over its release was noted in Uzarzewskie Lake, which was the object of restoration measures in 2006 -2007 (Gołdyn et al. 2008 . Iron treatment caused an increase of sorption complex in the sediments, which favored P sorption in the aerobic conditions. A significant reduction in the amount of released P was observed in that lake in following years (Kowalczewska-Madura et al. 2008a) .
In Lake Baba, in which a high level of easily accessible forms of P was observed, its release in oxic conditions was weak, as a mineral P produced during the mineralization of organic matter was adsorbed on iron compounds. In anoxic conditions this load of mineral P was easily released to the interstitial and above bottom water layer.
According to literature data, the intensity of internal phosphorus loading from bottom sediments is determined by the amount of metals binding P, which create sorption complex in sediments, especially Fe, Al and Ca (Mieszczakin, Wiśniewski 2006) . Greater concentrations of this elements is usually found in eutrophic and hypertrophic lakes (table 2) . However, oxygen conditions play such a significant role in phosphorus release, that the intensity of this process might be high increased in anaerobic conditions despite great amount of Fe, Ca and Al.
As all of the conducted ex situ experiments were held at ca. 16°C, simulating summer thermal conditions, the ability of P to be released from bottom sediments was determined on a maximum level. At this temperature the intensity of the mineralization process was accelerated as well as P cycling Table 2 Contents of metals responsible for phosphorus immobilisation in bottom sediments in lakes with different trophy (Gawrońska et al. 2003; Lossow et al. 2004; Sobczyński, Joniak 2009 a,b; Mieszczakin, Wiśniewski 2006; Wiśniewski 2007 between the water column and the sediments. Additionally, gas bubbles, visible in cores, were produced in anaerobic conditions, which increased the amount of released P (Kentzer 2001) . Similar research was also done in other lakes of the Wielkopolska region, giving parallel results; greater P release was observed in anaerobic conditions, while in aerobic ones P accumulation in sediments was noted in part of the reservoirs. However, the role of internal loading was minor in lakes with sediments with P fractions dominated by Res-P and with a slight contribution of labile fractions (NH 4 Cl-P, Fe-P and NaOH-P) ).
CONCLUSIONS
Phosphorus release was observed during the conducted research both in aerobic and anaerobic conditions. In almost all of the analyzed lakes (except Góra Lake and Maltański Reservoir) P loading was greater in the absence of dissolved oxygen. An accumulation process was noted especially in Uzarzewskie Lake, where restoration measurements were held. High amounts of NaOH-P fraction (P bound with organic matter) characterized the sediments of most analyzed waterbodies.
